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Introduction
There is no doubt that transmission electron microscopy has made a dramatic impact on metallurgy and materials science over the past twenty years and the literature certainly reflects this growth. In this time we have seen a prolific burst ofmicrostructure information which is only now being utilized directly for engineering applications e.g. alloy design. It is easy to forget that it was only twenty years or so ago that we first saw dislocations moving in an electron microsc6pe and that the gold crystal has been imaged directly (Figure 1 ). This is not a routine experiment as yet and we are a long way from equivalent resolutions in spectroscopy for elemental analysis, although energy loss spectroscopy at high voltages in transmission through thin samples shows gre~t promise for such achieMements ( 3 ) . Other developments using fine focussed beams for m~cro-diffraction ·and energy dispersive analysis such as in STEM instrumentation have indicated considerable advances for analytical applications, as discussed in the article by Maher. -2- In the present paper a brief review will be given of the princioles and some applications of transmission electron microscopy at high voltages and high resolutions. The combination of high resolution electron imaging and laser l optical microdiffraction shows great promise for lattice parameter measurements 0 over localized regions (~lOA) from which estimates of composition changes can be made.
Basic Background
The information that is obtained by electron microscopymethods is derived from the scattering processes that take place when the electron beam travels through the specimen. There are two main types of scattering (a) elastic -the interaction of the electrons with the effective potential field of the nucleiinvolving no energy losses and which can be coherent or incoherent (poor phase relationships) (b) inelastic -the interaction of the electrons and the electrons in the specimen involving energy losses, i.e., absorption. It is the elastic scattering that produces a diffraction pattern; and. if the scattering cente~s in thespec~men are arrayed in an orderly, regular manner such as in crystals, the scattering is coherent and results in spot patterns, Kikuchi patterns and, if the sample is a fine-grained polycrystal, ring patterns. Thus the information from electron microscopy includes morphology (images) structure (diffraction), and chemical analysis (spectroscopy) as indicated in Figure 2 . The electron microscope is truly a versatile instrument.
The basic reason for the utilization of the electron microscope is its superior resolution resulting from the very small wavelengths of electrons compared to other forms of radiation for which an optical system can be constructed. The resolution is given by the Rayleigh formula which is derived from considering the maximum angle of electron scattering ( a) which can pass through the objective lens. This formula is:
where R is the size of the resolved object, A is wavelength, and a is identical to the effective aperture of the objective lens.
In the electron microscope, the effective aperture is limited chiefly by spherical aberration. The spherical' aberration error is: (2) where Cs is the.coefficient of spherical aberration of the objective lens (~focal length which is about 2 mm or less in modern instruments).
Thus R increases with decreasing a; whereas !::.S decreases with decreasing a.
As a result, iri electron optics one arrives at an optimum aperture and minimum resolution ·given by: • where E is the accelerating potential (volts), and thus A decreases with E.
Some values pertinent to electron microscopy are given below. 
(5) The main applications in materials science utilize the improvements in penetration, and resolution, and particularly for using the mttroscope as a mini-
• laboratory for in-situ studies ( Figure 2 ) although again the US is somewhat behind the rest of the world in this regard. Due to the gain in penetration
with voltage, materials difficult to thin are now achieving considerable attention e.g. ceramics and minerals. Experimentally it is found that the most significant gain in penetration is for light elements, Si, Al (see Table 1 ).
\
The reduction in inelastic scattering with increasing voltage implies a reduction in ionization and other damagi·ng processes, and this has been observed for ,..;
several biological and polymeric solids. However, knoc~ondamage occurs above a threshold energy which is roughly proportional to atomic number (e.g. ~500keV
for copper; H1eV for gold).
As a consequence, a considerable effort is being made to simulate neutron radiation damage by HVEM and because of the high flux in the latter, point defect production rates are orders of magnitude faster than in a reactor.
Thus the problem of S\1./elling may be eventually understood by continued efforts
involving HVEM and other simulation techniques (ref. 4).
On the other hand, the reduction of ionization damage allows the electron microscopy of beam sensitive materials (polymers, biological specimens, certain ceramics, and minerals, etc.) to be done. Recent work done on the aliphatic amino acid 1-valine ( 5 ) has shown that the critical exposure (viz.
the electron flux necessary to destroy crystallinity of a material) varies with energy as s 3 (S = v/c where v is electron velocity, c is velocity of light) rather than as s 2 as predicted from stopping power theory. A consequence of this gain in specimen stability is a gain in resolution of about a factor of x2 in operating at l~~V rather than lOOkV. That is, the severe limitation on resolution imposed by radiation damage is greatly alleviated at high voltages.
As can be seen from Table 1 , the advantage and range of applications of HVEM are many indeed and there is no space here to cover them all in detail (see e.g. references 6-9). Brief mention of some current applications at Berkeley follow.
-7- 
High Resolution Electron Microscopy
In a structural approach to understanding materials at the atomic level, there are four important para~eters about which we need information. These are:
atomic identity; atomic coordination; atomic environment; deviations from .perfection.
At present, the resolution of current commercial transmission electron micro- (i)
localized crystalline structure; localized chemical composition; configuration and role of lattice defects.
Such information is not generally available using conventional bright and dark field images. It is our experience that the detail revealed by fringe imaging is considerable when compared with conventional imaging modes. It is to be expected then that the logical step to atomic resolution will also open up hitherto unforeseen data.
-12- Figure 5 shows an example at 100 kV for an ordered alloy of Mg 3 Cd comparing dark field and lattice images. In the lattice image, atomic steps or ledges at the interfaces are resolved suggesting domain growth occurs ,by a ledge mechanism.
This micrograph clearly shows the precise morphology and distribution of ordered particles in the disordered matrix whereas the dark field images show only the approximate morphology. The main problem is that such images can only be obtained 0 in thin films (-300A) so we need HV HREM microscopes in order to study thicker samples.
High Temperature Materials
The investigation of the grain boundaries in~licon nitride is of particular importance at the present time because of the intensive effort in the USA, The micrograph shown in figure 8 is a lattice image of an alloy which has undergone spinodal decomposition, a phase transformation which proceeds by a homogeneous clustering of like atomic species, in this case gold and nickel, such that a sinusoidal composition variation develops. The modulation is reflected in the large scale image contrast, with light and dark regions representing gold-rich and nickel-rich areas resoectively. It was expected that since the difference between lattice parameters of pure Au and pure Ni is ~14%, the lattice image (fine fringe contrast in fig. 8 ) should exhibit -14-a difference in fringe spacing between light and dark regions. Verification I of this effect came from a microdensitometer trace normal to the fringes, a smoothed version of which is shown in figure 9 . It was found that measurements of the modulation wavelength (distance between peaks in the composition variation) from both conventional and lattice images agreed exactly(lZ).
More accurate measurements can be obtained using laser microdiffraction as shown in Fig. 10 by which changes in lattice parameter of only ~1% can be detected. Such data cannot be obtained by alternative techniques, and illustrates the power of the combination of lattice imaging and optical diffraction.
Since the d spacing is directly proportional to the lattice parameter and composition, it is possible to define the composition-wavelength characteristics 0 to within lOA. This is to be compared with electron diffraction selected 0 area resolutions of about lll (at 100 kV) and STEM of about 30A (also at 100 kV). One final point th~tmust be considered is that there is a feeling of excitement in electron micrriscopy now that we are on the verge of atomic resolution.
These results, coupled with the factthat despite the limitations on selected area diffraction due to electron optical errors (spherical aberration) which can be overcome, at least geometrically, by utilizing optical microdiffraction, 
